Abstract. We review the main concepts of the effective-medium approach for the calculation of the optical properties of colloidal systems composed by small colloidal particles and then pose the corresponding problem for turbid colloids, that is, systems with colloidal particles as big as the incident wavelength. Several attempts to properly define and to calculate the effective electromagnetic response of turbid colloidal systems are presented with special emphasis on its non-local (spatially dispersive) character and consequently on the problem of how to measure the corresponding effective index of refraction. For this purpose an alternative spectroscopy based on light refraction is proposed.
INTRODUCTION
The calculation of the optical properties of inhomogeneous disordered systems poses an interesting challenge that has attracted the attention of many researchers who, by now, have developed a well-established field [1] . In this work we will consider colloidal systems that are simply defined as systems composed by a dispersed phase (colloidal particles) within a homogeneous one. Typical examples are milk, blood, paints, clouds, tissues as well as porous and polycrystalline materials, but here we will restrict ourselves to a simple model consisting of identical spheres located at random in vacuum. Extension to distributions of shapes and sizes, as well as the inclusion of a material matrix, as the homogeneous phase, might not be straightforward. Nevertheless, the main problems concerning the physics and the calculation of the effective electromagnetic response in this type of systems is already present in the random-sphere model. On addition we will be interested not only on the bulk properties of the system but also on the reflection and transmission of light in systems with a flat interface.
Different approaches have been developed over the years and we can identify as two main streams: (i) the use of multiple-scattering theory [2] and (ii) the approach usually known as effective-medium theory [3] . Here we will concentrate on the effective-medium approach but at the end we will try to show how it would be possible to find a connection between these two different kinds of theories.
The effective-medium approach has been very successful in dealing with systems in which the size of the colloidal particles is much smaller than the wavelength of the incident radiation. In this case it is possible to develop a theoretical framework very similar to the one commonly known as: macroscopic electrodynamics or continuum electrodynamics, in which one takes account of only the average (macroscopic) component of the electromagnetic field and neglects the fluctuations of the field due to the scattering of molecules, ions and electrons. For many years, this approach has been though to valid only when the power carried by the average field is much larger than the averaged power carried by the fluctuating field. The materials can then be characterized by continuous functions that describe the response of the system to an external electromagnetic field. When the external field is small in comparison to the molecular fields, the linear response is sufficient and for homogeneous (on the average) and isotropic materials only two frequency-dependent functions (optical parameters) are necessary: the electric permittivity, usually denoted by ε , and the magnetic susceptibility, usually denoted by μ , although it can be shown that this choice is not unique. 
EFFECTIVE-MEDIUM THEORY FOR COLLOIDAL SYSTEMS
Considering now the case of colloidal media, when the size of the colloidal inclusions is much smaller than wavelength of the incident radiation, a similar approach can be developed by neglecting the fluctuating component of the electromagnetic field. In this case one usually refers to the average component of the electromagnetic field as the coherent wave. Then, the colloidal systems can be characterized by effective optical parameters and one refers to them as the effective permittivity to the polarizability of the spheres. Further developments include extensions to adsorbed particles on a substrate and to colloidal particles of different shapes, sizes and different chirality. The treatment of the high-density regime has also required the inclusion of multipolar and correlation effects as well as the development of codes for numerical simulations [2] . Also, a rather formal mathematical treatment of this problem, known as homogenization theory, has been established. The main advantage of an effective-medium approach is its immediate use in the continuumelectrodynamics formalism, having obtained a formula for the effective optical parameters, the inhomogeneous system can then be treated as an ordinary material. For example one could calculate the reflection amplitudes from a colloidal system with a flat interface simply using Fresnel´s formulas, or equivalently one could measure the effective index of refraction of a colloidal suspension by using the traditional Abbe refractometer that determines the refractive index through the use of Fresnel´s formulas close to the critical angle.
The problem now is to explore if it is possible to define effective optical parameters when the colloidal particles are not small, and hence, the scattering by the colloidal particles is strong ensuing the power carried by the fluctuating field (diffuse field) is not small in comparison with the power carried by the average field (coherent field). In such cases the system acquires a turbid appearance. This question becomes relevant when we ask ourselves: Can we use an Abbe refractometer to determine the effective index of refraction of milk or blood? and if we get a number, does it have a clear meaning?
Since the electromagnetic field can be split into a coherent plus a diffuse component, when one tries to to give an answer to the questions above, one first realizes that an effective medium will only make sense for the coherent beam, since it is the only beam that has a definite direction and the only one that can be reflected and refracted also with definite directions. Therefore, if one disregards the presence of the diffuse field and one considers only the coherent beam, then it is possible to think that its behavior could be described by an effective medium.
The first attempt to provide a formula for the effective index of refraction of a turbid colloid, composed by identical spheres of radius randomly located in vacuum, was given by van de Hulst, and it reads a 1 ( 
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For a homogeneous (on the average) and isotropic system the tensor ˆˆˆ( , ) ( , ) ( , )(1 )
can be written in terms of two scalar functions Nevertheless since the effective index of refraction comes from a non-local dispersion relation, it cannot be simply used in Fresnel's relations, and an alternative theory has to be developed if one requires measurements with a set up in which the reflection of light is involved, We are now working on the solution of this problem, and one of the main difficulties is to take account the region close to the surface where the electromagnetis response differs from the one in the bulk.
Refraction Spectroscopy
An alternative that can offer an unambiguous measurement of the effective index of refraction is the use of refraction, because Snell's law will overcome the problems related to the surface region, that is, the parallel component of the wave vector has to be continuous all over the surface region. Thus the measurement of the angle of refraction will be sufficient for the determination of the effective index of refraction. One must bear in mind, however, that the effective refractive index is in general complex and the measurements of the angle of refraction may not be straightforward. A detailed analysis of the optics involved in a particular setup is needed for a proper interpretation. Also, since the coherent light must be transmitted through the colloidal system, measurements of coherent refraction might be restricted to dilute colloidal solutions. Some advances have been made towards a refraction spectroscopy of the effective refractive index [5] [6] .
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